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Gold glyconanoparticles were synthesized by a simple, rapid, and eco-friendly method by
using sweet Sorghum syrup for application in biomedicine and biotechnology. The nano-
structures of the prepared gold nanoparticles were conﬁrmed by using UV-visible absorb-
ance, TEM, SAED, FTIR, EDAX, XRD, and photoluminescence analyses. The formation of
gold nanoparticles at both room and boiling temperatures and kinetics of the reaction were
monitored by UV-visible spectroscopy and TEM studies. TEM analysis revealed that the
obtained nanoparticles were mono-dispersed and spherical in shape with an average particle
size of 7 nm. The size of the nanoparticles was inﬂuenced by the concentration of Sorghum
syrup. The presence of elemental gold was conﬁrmed by EDAX analysis. Based on the FTIR
analysis, it was observed that the sugars present in the Sorghum syrup possibly acts as cap-
ping agents. The zeta potential analysis revealed that the glyconanoparticles were negatively
charged with a potential of 25 mV. The XRD and SAED patterns also suggest that the
nanoparticles were crystalline in nature and these particles were found to exhibit visible
photoluminescence. Fructose and glucose present in sweet Sorghum syrup were demon-
strated as responsible sugars for the reduction of gold ions, and sucrose stabilized the
formed nanoparticles. The proposed mechanism for the formation and stabilization of gold
glyconanoparticles is based on the phenomenon of ‘‘macromolecular crowding.’’ This is the
ﬁrst report on the use of sweet Sorghum syrup for the green synthesis of gold glyconanopar-
ticles at both room and boiling temperatures. VC 2011 American Institute of Chemical Engi-
neers Biotechnol. Prog., 27: 1455–1463, 2011
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Introduction
In the past few decades, the area of nanotechnology has
attracted a number of researchers with current emphasis on
the development of nontoxic, clean and eco-friendly proce-
dures that avoid the use of toxic chemicals in the preparative
protocols.1 As a result, biological processes are appealing as
possible environment-friendly nanofactories. Gold nanopar-
ticles ﬁnd a wide range of applications in catalysis,2 electro-
analysis3,4 and as biosensors.5 In addition, gold nanoparticles
ﬁnd applications like detection of DNA and proteins,6,7
tumor directed drug delivery,8 hyperthermia agents for can-
cer treatment,9 contrast agents for biomedical imaging,10,11
X-ray contrast agent,12 photothermal cancer therapy,13 and
diagnostics.14–16 In all these applications, nanoparticles ex-
hibit optical, electronic, magnetic, catalytic and/or scattering
properties which are dependent on their size17 and shape.18
Two major challenges in the nanoparticle synthesis are: (a)
to explore the novel synthetic routes that control over both
the nanoparticle morphology and size,19,20 and (b) to charac-
terize and understand the adsorption and structural conﬁgura-
tion of the capping agents on the surface of nanoparticles,
which is essential for predicting the nanoparticle stability.
Considering these facts, efforts have been made by various
researchers to use biological materials as capping agents to
stabilize the nanoparticles.21 Sweet Sorghum [Sorghum
bicolor (L.) Moench] is a high sugar-yielding crop that can
be cultivated worldwide under diverse agro-climatic condi-
tions with a requirement for a relatively less nitrogen rich
fertilizer and water when compared to sugarcane and maize.
It is a multipurpose biofuel feedstock that offers grain for
human consumption, fodder for livestock and ethanol for
transportation purposes.22 This crop has a C4 photosynthetic
pathway, so it’s photosynthetic rate and dry matter produc-
tion is more or less similar to other crops like sugarcane and
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sugar beet. Furthermore, the sweet Sorghum stalks have the
ability to accumulate high levels of sugars such as sucrose,
glucose and fructose in the juice.23 The latter property is ad-
vantageous as the composition of sugars in honey was found
suitable in the synthesis of gold nanoparticles.24
The aim of this study was to develop a simple and rapid
green synthetic approach for the preparation of gold glycona-
noparticles functionalized with sugars of sweet Sorghum sy-
rup, which acted as stabilizer and capping ligands. Further,
using different analytical techniques like UV-visible absorb-
ance, TEM, SAED, FTIR, EDAX, XRD, and photolumines-
cence spectroscopy, the characterization of the prepared gold
glyconanoparticles were investigated. To the best of our
knowledge, this is the ﬁrst report on the synthesis of gold
glyconanoparticles using sweet Sorghum syrup at both room
and boiling temperatures.
Experimental
Materials and chemicals
Sweet Sorghum syrup from cultivar CSH 22SS was pro-
cured from the decentralized sweet Sorghum crushing-cum-sy-
rup making unit of the experimental farms located at
Ibrahimabad village, Medak district of Andhra Pradesh, India.
The syrup was collected into sterile sample bottles and then
transported under cold ice-jacketed conditions to the labora-
tory for further experimental analysis. Gold (III) chloride
hydrate (HAuCl43H2O, analytical grade) was purchased from
Sigma-Aldrich and used without further puriﬁcation. All aque-
ous solutions were prepared in distilled deionized water.
Preparation of gold nanoparticles
Diluted sweet Sorghum syrup solution was prepared by
dissolving 10 g of Sorghum syrup (of 60 Brix) in 100 mL
of deionized water and used in further experiments. Different
volumes of this diluted syrup solution (0.25–1.5 mL with in-
crement of 0.25 mL) were added separately to 1 mL solu-
tions of aqueous gold chloride (1 mM) and the ﬁnal volume
was brought up to 10 mL by adding appropriate volume of
deionized water. The reaction mixtures were allowed to
stand for 2 h at room temperature, during which the reduc-
tion of Auþ3 in all the reaction mixtures had reached satura-
tion. UV-visible spectroscopy and transmission electron
microscope (TEM) analyses were performed to evaluate the
effect of different concentrations of diluted Sorghum syrup
on the synthesis of gold nanoparticles and the prepared Au
nanoparticles were characterized for their optical and nano-
structural properties. Kinetics of the Auþ3 reduction as a
function of time was monitored for a particular optimized
reaction (using 1.5 mL of Sorghum syrup solution) employ-
ing UV-visible spectroscopy. After the synthesis of gold
nanoparticles, they were centrifuged at 12,000 rpm for 10
min and the obtained pellet was subjected to dialysis to
achieve isolation of nanoparticles that are free from proteins
and other compounds present in the solution. Another set of
same reaction mixtures as mentioned above, were boiled at
100C for 10 min to evaluate the effect of boiling on nano-
particle synthesis and the quality of gold glyconanoparticles
formed. A control reaction mixture at room temperature was
also run in parallel. These reaction mixtures were further an-
alyzed using UV-visible spectroscopy and TEM studies. The
dried powder of gold nanoparticles was obtained by lyophili-
zation and stored in a vacuum desiccator at room tempera-
ture. To monitor the stability of glyconanoparticles, the
stored particles were redispersed in water by sonication to
regenerate a sol followed by UV-visible spectroscopic analy-
sis on different days.
Characterization of gold nanoparticles
The optical properties of the gold nanoparticles dispersed in
water were monitored on a Perkin–Elmer Lambda 25 UV-visi-
ble double beam spectrophotometer. Morphological analysis
of gold nanoparticle formation was conﬁrmed using a TEM.
Samples for TEM analysis were prepared by drying a disper-
sion of the nanoparticles on amorphous carbon-coated copper
grids. Gold nanoparticles were imaged using a Philips Tech-
nai-FE 12 TEM instrument operated at an accelerating voltage
at 120 kV. The dialyzed nanoparticles were dried to obtain a
powder which was subjected to further FTIR analysis. The
FTIR spectrum of gold nanoparticles in the form of KBr pel-
lets was recorded on a Thermo–Nicolet Nexus 670 spectro-
photometer at 4 cm sec1 resolution in wavenumber region of
400–4,000 cm1. The energy-dispersive X-ray (EDAX) spec-
troscopy was analyzed with an EDAX detector (Oxford
LINK-ISIS 300) equipped on a scanning electron microscope
(SEM, Hitachi S-520) operated at an accelerating voltage of
10 kV. The X-ray diffraction (XRD) measurements of the gold
nanoparticles was carried out on a MAXima_X XRD–7000
(Shimadzu, Japan) diffractometer operating at a voltage of 40
kV and a current of 30 mA with Cu Ka radiation in the scan
range 2y ¼ 10–75. The photoluminescence (PL) spectrum of
the gold nanoparticles dispersed in water and their appropriate
controls of Sorghum syrup excluding HAuCl4 was measured
using Inﬁnite M200 (Tecan Group, Switzerland) spectropho-
tometer with samples placed in a nonﬂuorescent quartz cuv-
ette. An excitation wavelength of 300 nm was used. The gold
nanoparticle charge quantiﬁed as zeta potential was deter-
mined using a Zetasizer Nano ZS (Malvern Instruments, Wor-
cestershire, UK). Measurements were performed in distilled
water at 25C.
Sugar composition analysis of sweet Sorghum syrup and to
identify the role of the respective sugars for reduction and
capping of gold ions
The relative percentages of hexose sugars like glucose,
fructose, and sucrose present in the sweet Sorghum syrup of
cultivar CSH 22SS were analyzed on a Shimadzu HPLC sys-
tem (Kyoto, Japan) interfaced by Shimadzu RID-10A refrac-
tive index detector (Kyoto, Japan). The HPLC was equipped
with a Phenomenex Luna NH2 100R column (250  4.6
mm, 5 lm particle size, Aschaffenburg, Germany). The chro-
matographic mobile phase composed of acetonitrile-water
(80:20, v/v) was run at a ﬂow rate of 1.0 mL min1 in iso-
cratic mode with column temperature maintained at 40C.
Standard stock solution (1,000 lg mL1) of different sugars
was prepared in Milli-Q water as a diluent for analysis. After
stabilizing the HPLC system, standard sugar solution was
injected and using operating parameters a standard calibra-
tion was prepared for checking the reproducibility of the
chromatograms. Different parameters like retention time,
component concentration, peak area of each component were
used for calculating the content of respective sugars. The
chromatographic and integrated data were recorded using
HP-Vectra (Hewlett Packard, Waldron, Germany) computer
system interfaced to LC-20 AD data acquiring software for
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data management. The concentration of each sugar in the sy-
rup was determined from peak area of the chromatograms
and expressed in terms of percentage of total sugars.25
The role of the possible sugars responsible for the reduc-
tion of gold ions were evaluated by setting up separate reac-
tions for nanoparticle preparation using respective
concentration of each sugar individually with 1 mL of aque-
ous gold chloride solution and the ﬁnal volume was brought
up to 10 mL by adding appropriate volume of deionized
water. The reaction mixtures were allowed to stand for 2 h
at room temperature. Similarly, the reactions were also car-
ried out using a combination of glucose and fructose and a
combination of glucose, fructose and sucrose to verify the
role of these respective sugar combinations. The effect of
these sugars on the morphology of gold nanoparticle forma-
tion was further conﬁrmed by TEM studies.
Results and Discussion
UV-visible spectral analysis
The diluted sweet Sorghum syrup solution reduced the
Au3þ ions at room temperature resulting in the formation of
purple colour which indicated the synthesis of gold glycona-
noparticles. The reduction of Au3þ ions after a reaction pe-
riod of 2 h was monitored by UV-visible spectroscopy and
the spectrum of gold glyconanoparticles was recorded as a
function of different concentrations of Sorghum syrup solu-
tion with gold chloride (Figure 1a). UV-visible spectra of
gold glyconanoparticles obtained at different concentrations
of Sorghum syrup clearly revealed signiﬁcant changes in the
spectrum (Figure 1a), which was distinguished by a broad
surface plasmon resonance (SPR) peak at about 540 nm at
lower concentrations and an absorption band at 530 nm was
observed in the blue shift region at higher concentrations,
which may be due to the reduction in the size of nanopar-
ticles. In general, the localized SPRs are generated due to
the collective oscillations of conductive electrons from the
sample species. The appearance of strong SPR peaks
obtained from the excitation of localized SPR is due to the
absorption of light at a speciﬁc wavelength.26 The optical
absorption spectrum of metal nanoparticles is dominated by
the SPR leading to a distinguished red or blue shift depend-
ing on the dielectric properties of the surrounding host ma-
trix or the environment atmosphere, in addition to particle
Figure 1. UV-visible spectrum of gold glyconanoparticles synthesis using (A) 1 mM aqueous gold chloride (1 mL) recorded as a func-
tion of different concentrations of diluted Sorghum syrup solution (curves a – f corresponds to 1.5, 1.25, 1.0, 0.75, 0.5, and
0.25 mL of diluted Sorghum syrup solution) (B) Diluted Sorghum syrup (1.5 mL) recorded as a function of reaction time
(curves a – g corresponds to 0, 3, 6, 9, 12, 15, and 18 min of the reaction) (C) At room temperature (curve a) and at boiling
temperature (curve b) conditions using diluted Sorghum syrup solution: (I) 0.25 mL, (II) 0.75 mL, and (III) 1.5 mL.
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size and shape.20 The absorption band observed at 530 nm is
the characteristic SPR of spherical gold glyconanoparticles.27
At lower concentrations of Sorghum syrup, a broad SPR
peak was observed and the sharpness as well as intensity of
the resonance band increased with respect to the increase in
the concentration of Sorghum syrup solution (Figure 1A).
The plausible reason may be the insufﬁcient reductants
which may result in a partly aggregated state at lower con-
centrations and at higher concentrations more nanoparticles
were formed due to the complete reduction and the formed
nanoparticles were better dispersed due to the protection
from agglomeration. The spherical gold nanoparticles of
variable sizes are known to exhibit absorption in the range
of 520–550 nm.19 The time course of the reaction for a par-
ticular optimized concentration (1.5 mL) of Sorghum syrup
was monitored by UV-visible spectroscopy and the obtained
spectrum is represented in Figure 1B. A strong resonance
peak centered at about 530 nm was clearly seen and
increased in its intensity as a function of time, and it was
stabilized after 18 min. It is well established that the optical
properties of gold nanoparticles are inﬂuenced by size and
shape.28 All the reaction mixtures on boiling turned to cherry
red in color within 10 min suggesting that the reduction of
Auþ3 ions was 10 times more faster at boiling temperature
as compared to room temperature conditions. This is due to
the fact that under the experimental conditions the formation
of acid results in the hydrolysis of sucrose to glucose and
fructose. The UV-visible spectroscopic analysis (Figure 1C),
clearly indicate a blue shift in SPR band from 540 nm to
530 nm at lower Sorghum syrup concentrations of 0.25 mL
(I) and 0.75 mL (II), respectively; but no signiﬁcant differ-
ence was observed at higher concentrations of 1.5 mL (III).
The stability of glyconanoparticles was evaluated by UV-
visible spectroscopy and the respective absorption spectra
are shown in Figure 2. After day 1, the nanoparticles showed
an intense absorption peak around 530 nm. As the time pro-
gressed from 1 to 30 days, similar plasmon resonance bands
were observed with no change in the position of SPR, except
for a decrease in the absorption intensity. At 35th day, a
shift in the position of SPR was observed with a decrease in
intensity, suggesting that the stability of nanoparticles
decreased after 30 days.
TEM and SAED analysis
Transmission electron microscope (TEM) micrographs are
shown in Figures 3a–c, which demonstrates clearly the forma-
tion of gold nanoparticles synthesized using different concen-
trations of Sorghum syrup solution at room temperature.
Figure 3a corresponds to the TEM micrograph of gold nano-
particles prepared using 0.25 mL of Sorghum syrup solution.
The TEM analysis clearly revealed the formation of spherical
nanoparticles, but few of them were found to be irregular in
shape, which might be due to the aggregation of nanoparticles.
The size distribution histogram plot constructed from the
TEM micrograph is shown in Figure 3b. The diameter of these
nanoparticles ranged from 18 to 30 nm with an average parti-
cle size of 25.5 nm (r ¼ 3.5 nm). The TEM picture for the
gold nanoparticles obtained with 0.75 mL of Sorghum syrup
solution and the corresponding particle size distribution histo-
gram (on the right hand side) is represented in Figure 3b. The
particles are predominantly spherical in shape and nonagglom-
erated. These particles were in a size range of 6–15 nm with
an average particle size of 11.5 nm (r ¼ 2.3 nm). The average
particle size of these nanoparticles is less than those obtained
using 0.25 mL of Sorghum syrup solution.
The TEM picture of gold nanoparticles synthesized using
1.5 mL of Sorghum syrup solution and the corresponding
size distribution histogram (on the right hand side) con-
structed from TEM image is shown in Figure 3c. These
nanoparticles observed were mono-dispersed and spherical in
shape embedded in a matrix of Sorghum syrup. The gold
nanoparticles formed were in the size range of 3–15 nm with
an average particle size of 7 nm (r ¼ 1.6 nm) with narrow
size distribution. These results are in ﬁne tuning with the
observed optical properties of gold nanoparticles. These
results also clearly suggest that as the concentration of Sor-
ghum syrup in the reaction mixture increased gradually, the
average size of the nanoparticles decreased signiﬁcantly.
This might be due to prevention in the aggregation of nano-
particles due to effective stabilization by the Sorghum syrup
solution at higher concentrations. The typical selected area
electron diffraction (SAED) pattern (inset in Figure 3c)
shows bright circular rings which corresponds to the (111),
(200), (220), and (311) planes, suggesting that the synthe-
sized gold nanoparticles were highly crystalline.
The TEM micrographs of gold glyconanoparticles obtained
at boiling temperature with 0.25 mL (I) and 0.75 mL (II) of
Sorghum syrup are shown in Figure 4. The TEM analysis
clearly indicates the formation of fairly spherical gold nano-
particles of well dispersed nature with average particle sizes of
11 nm (0.25 mL concentration) and 9.5 nm (0.75 mL concen-
tration), and the dispersion increased at lower concentrations
of Sorghum syrup at 100C as compared to control reaction
mixtures at room temperature. At higher syrup concentrations,
there was no signiﬁcant difference observed. These results
clearly suggest that the quality of the gold glyconanoparticles
and rate of the reduction of gold ions at higher temperature
increased tremendously which is due to the enhanced reducing
efﬁciency of the reducing sugars at elevated temperatures. It
was earlier established that the reducing efﬁciency is more for
reducing sugars at higher temperatures as compared to lower
temperatures.29
FTIR, EDAX, and zeta potential analysis
Fourier transform infrared (FTIR) and Energy dispersive
X-ray (EDAX) studies were carried out to evaluate the
Figure 2. UV-visible spectrum of gold glyconanoparticles dis-
persed in water at room temperature recorded after
(a) 1, (b) 30, and (c) 35 days for stability assessment.
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possible biomolecules responsible for capping and stabiliza-
tion of gold nanoparticles synthesized by Sorghum syrup so-
lution. The FTIR spectrum of gold nanoparticles (Figure 5a)
showed the presence of bands at 3,420, 2,924, 2,855, 1,628,
and 1,056 cm1. The bands at 3,420 and 1,628 cm1 are due
to hydroxyl and carbonyl stretch vibrations in the sugars
present in the Sorghum syrup. The bands at 2,924 and 2,855
cm1 may arise due to the stretching vibrations of C-H
groups of sugars. A band of C-O and C-C stretching vibra-
tions in sugars was observed at 1,056 cm1.30 In comparison
to the FTIR spectrum of Sorghum syrup solution (Figure
5b), it is clearly observed that the absorption bands of gold
nanoparticles were prominent with an increase in the wave-
numbers and this could be due to the coordination bonds
between gold nanoparticles and functional groups (hydroxyl
and carbonyl groups) of sugar molecules (capping ligands)
of Sorghum syrup solution.
As these sugars bear multiple hydroxyl groups and few of
them may be engaged in the binding to nanoparticles. The
EDAX spectrum (Figure 6) recorded for the synthesized
gold nanoparticles showed a strong Au signal near at 2 keV.
The EDAX spectrum also suggests the presence of C and O
elemental peaks which may originate from the biomolecules
that are bound to surface of gold nanoparticles. The FTIR
and EDAX spectroscopic studies strongly suggest that the
gold nanoparticles are possibly functionalized by the sugars
(i.e., glucose and/or fructose) present in the syrup and are
stabilized by these biomolecules. The zeta potential (Sup-
porting Information Figure S1) indicates the overall charge
that a nanoparticle acquires in a particular medium and a
zeta potential of 25 mV was measured for the synthesized
gold glyconanoparticles suggesting an anionic charge on the
nanoparticle surface which may be due to surface bounded
sugar moieties and the result supports the FTIR and EDAX
analysis.
XRD analysis
The X-ray diffraction (XRD) pattern (Supporting Informa-
tion Figure S2) of gold glyconanoparticles prepared using
Figure 3. Transmission electron micrographs and corresponding particle size distribution histograms (on the right hand side) of gold
glyconanoparticles prepared at room temperature using different concentrations of diluted Sorghum syrup solution: (a) 0.25
wt %, (b) 0.75 wt %, and (c) 1.5 wt %.
Inset: Selected area electron diffraction (SAED) pattern of gold nanoparticles.
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sweet Sorghum syrup solution exhibits the characteristic Bragg
diffraction peaks due to gold nanocrystallites. The prominent
Bragg reﬂections observed at 2y values of 38.2, 44.4, and 64.6
corresponds to (111), (200), and (220) facets of the face cen-
tered cubic (fcc) gold nanoparticles.24 The XRD results suggest
that the prepared the gold glyconanoparticles are crystalline.
Figure 4. Transmission electron micrographs of gold glyconanoparticles synthesized at boiling temperature using diluted Sorghum sy-
rup solution: (I) 0.25 mL and (II) 0.75 mL.
Figure 5. FTIR spectrum of (a) gold glyconanoparticles capped with sweet Sorghum syrup sugars, and (b) sweet Sorghum syrup
solution.
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Photoluminescence study
Photoluminescence spectroscopy is a simple and versatile
nondestructive tool for the electrical characterization of
surfaces and interfaces, and the photoluminescence measure-
ments explore the electronic features of the sample directly.
The photoluminescence spectrum of the gold nanoparticles
obtained using different concentrations of sweet Sorghum sy-
rup solution along with respective controls is showed in Fig-
ure 7. The spectra recorded at an excitation wavelength of
300 nm and photoluminescence intensity was observed at
430 nm, which is due to the surface functionalization of gold
nanoparticles with biomolecules present in sweet Sorghum
syrup. The photoluminescence intensity increased gradually
from lower to higher concentrations of sweet Sorghum syrup.
It was also demonstrated that parallel controls of native
sweet Sorghum syrup without HAuCl4 also exhibited photo-
luminescence. However, the photoluminescence intensity of
the test samples was higher as compared to the respective
controls. It is well established that nano-sized metals like sil-
ver and gold exhibit visible photoluminescence due to inter
band transitions (d to sp).31 Another possibility may be due
to the residual Au (I) which might be present in the nanopar-
ticle may gives rise to ﬂuorescence, especially if the Au (III)
to Au (0) reduction is not complete, or the ﬂuorescence
could arise from the oxidized products of sweet Sorghum sy-
rup. This property suggests that these nanoparticles could
ﬁnd use in therapeutic applications.24
Identiﬁcation of possible sugars present in sweet Sorghum
syrup responsible for reduction and capping of gold ions
Nanoparticles capped with sugar molecules as ligands are
termed as glyconanoparticles. Much of the recent research
efforts have focused on the synthesis of gold and silver gly-
conanoparticles functionalized with different sugars like
monosaccharide,32 disaccharide,33 Ley tetrasaccharide34 and
rhamnolipid.35 (Kumar et al. 2010) In addition, some reports
exist on glyco-quantum dots36 and magnetic glyconanopar-
ticles.37 The carbohydrates contain many hydroxyl and car-
bonyl groups which confer the glyconanoparticles with
unique H-bonding capabilities for building smart nanomateri-
als. These glyconanoparticles ﬁnd application in biomedicine
as probes of carbohydrate–carbohydrate interactions and car-
bohydrate–protein interactions, antiadhesive therapy, biola-
bels, bioampliﬁcation strategies, and in material science for
microstructure manipulation, quantum dots and magnetic
bioconjugation.38 The relative percentages of sugars quanti-
ﬁed in sweet Sorghum syrup of cultivar CSH 22SS by HPLC
analysis were 20%, 15%, and 65% for glucose, fructose and
sucrose, respectively. The gold nanoparticle formation was
observed only in reaction mixtures containing reducing sug-
ars like glucose and fructose. Further, the reaction was car-
ried out by using a combination of glucose and fructose,
which resulted in the formation of gold nanoparticles more
rapidly. The rate of nanoparticle formation was found to be
greater for fructose in combination with glucose followed by
fructose and glucose individually. These ﬁndings suggest
that fructose and glucose are responsible for the reduction of
gold ions. The TEM images of gold glyconanoparticles pre-
pared by individual sugars and with combination of sugars
are shown in Figure 8. The nanoparticles synthesized using
glucose (Figure 8a) and fructose (Figure 8b) were observed
to have different shapes, i.e. triangles, hexagonal and the
remaining were irregular in shape and in an aggregated
form. A combination of glucose and fructose (Figure 8c)
yielded irregular spherical shaped nanoparticles and they
were of larger size. The combination of sucrose, glucose and
fructose (Figure 8d) yielded fairly spherical shaped nanopar-
ticles with lower percentage of agglomeration. These results
indicated that the presence of sucrose greatly inﬂuenced the
size and shape of the nanoparticles and sucrose was identi-
ﬁed to play a key role in the stabilization of nanoparticle for-
mation. It was also reported in an earlier study that
commonly available simple sugars like glucose and fructose
assisted in the synthesis of stable gold nanoparticles by a
wet chemical method and fructose was found to be the suita-
ble sugar.29
The proposed mechanism illustrated in Figure 9 for the
formation and stabilization of the gold glyconanoparticles is
Figure 6. Energy dispersive X-ray (EDAX) spectrum of gold
glyconanoparticles.
Figure 7. Photoluminescence spectrum of gold glyconanopar-
ticles prepared using different concentrations of
sweet Sorghum syrup solution, i.e., 0.25, 0.5, 0.75,
1.0, 1.25, 1.5 mL, represented as curves T1–T6 and
respective controls represented as curves C1–C6.
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based on the phenomenon of macromolecular crowding,
which prevents the nanoparticles from aggregation. In cell
biology, the term macromolecular crowding refers to the
conditions where molecules occupy 40% of the physical vol-
ume and this phenomenon has been demonstrated to affect
many molecular and physical processes.39 Similarly in the
present study, the sugars present in the sweet Sorghum syrup
occupy 40% of the total aqueous volume, which imposes a
physical constraint that secludes the nanoparticles from each
other, thus preventing the aggregation.
Conclusions
The present study demonstrates for the ﬁrst time the use of
sweet Sorghum syrup in the rapid synthesis of stable gold
glyconanoparticles at room temperature. The process is fac-
ile, easy, reproducible and does not use any surfactants. UV-
visible spectroscopy was used to monitor the kinetics of
nanoparticle formation. The formed nanoparticles are mostly
spherical in shape with an average particle size of 7 nm,
which is conﬁrmed by TEM images and XRD analysis. Sweet
Sorghum syrup contains glucose and fructose which are re-
sponsible for the reduction of gold ions and acted as capping
agents along with sucrose leading to the formation and stabi-
lization of gold glyconanoparticles, which is conﬁrmed by
FTIR studies. Further, the glyconanoparticles synthesized by
this method were quite stable and remained intact without the
deterioration of particle morphology for 1 month under room
temperature conditions in a vacuum desiccator.
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